for measuring ocular aberrations is described. Compensation for refractive corrections and calibration is discussed. The technique was used to investigate the effect of accommodation upon the monochromatic aberrations of the right eyes of 15 subjects. Coma and coma-like aberrations were the dominant aberrations for most people at different accommodation levels, thus confirming previous findings. Variations in aberrations were considerable between subjects. About half the subjects showed the classical trend towards negative spherical aberration with accommodation. Changes in spherical aberration with accommodation in this study were less than that found in previous studies where all monochromatic aberration was considered to be spherical aberration.
INTRODUCTION
It has been generally considered that for foveal vision in monochromatic light, the quality of the eye optics is limited only by diffraction effects for pupil diameters up to 2mm (Campbell & Green, 1965) and thereafter is predominantly affected by spherical aberration (e.g. Charman, Jennings & Whitefoot, 1978) . Most eyes have been considered to suffer from positive (undercorrected) spherical aberration when unaccommodated, with a trend to negative spherical aberration being observed with accommodation. For positive spherical aberration, rays passing through the periphery of the pupil intercept the optical axis in front of rays passing nearer the centre of the pupil (Fig. 1) . Koomen, Tousey and Scolnik (1949) used a method which determined longitudinal spherical aberration "averaged" over all meridians of the pupil by the use of annular apertures. The three subjects showed positive spherical aberration for a zero stimulus to accommo- dation, which reduced with accommodation and in one case became negative. Changes in longitudinal spherical aberration, relative to that for a zero stimulus, for the subjects at 5 mm pupil size were -1.6 D (for 4.6D stimulus), -0.5 D (4.6 D stimulus) and -0.7 D (2.7 D stimulus). Ivanoff (1956) used a vernier acuity method to measure longitudinal "spherical aberration" along the horizontal meridian. On changing accommodation stimulus from 0 to 3 D, a trend from positive aberration to negative aberration on both sides of the pupil was obvious in four eyes, a similar trend but limited to one side of the pupil only was observed for three eyes, and three eyes showed no dependence of the aberration upon accommodation. Ivanoff did not measure beyond a pupil diameter of 4 mm. The average change in longitudinal spherical aberration for a 3.0 mm pupil size was from 0.25 D for a 0 D accommodation stimulus to 0.0 D for a 3 D accommodation stimulus. Jenkins (1963) used a similar technique to Ivanoff, but measured along both horizontal and vertical meridians. The results differed qualitatively and quantitatively between subjects and also between meridians. From a 0D stimulus to a 2.5D stimulus, the eyes generally decreased in positive aberration and usually changed to negative values. For all meridians and all subjects, the 313 314 DAVID A. ATCHISON et al. mean changes in longitudinal spherical aberration for a change in accommodation stimulus from 0 to 2.5 D were -0.71 D (2.0 mm pupil diameter), -1.04 D (4.0 mm), -1.08 D (6.0 mm), and -1.02 D (8.0 mm). Berny (1969) used a knife-edge test method to assess spherical aberration, and also found a trend of decreasing positive spherical aberration with increasing accommodation stimulus in three subjects.
Spherical aberration as a contributor to monochromatic aberrations is generally smaller than values obtained on the premise that all monochromatic aberration is spherical aberration (Howland & Howland, 1977; Campbell, Harrison & Simonet, 1990) . From the early studies of Ivanoff (1956) and Jenkins (1963) , it is obvious that few eyes show symmetry of aberrations about the chosen reference position in the pupil. More recent research indicates that coma-like aberrations are the predominant aberrations for foveal vision with few eyes showing typical spherical aberration (Howland & Howland, 1976 , 1977 Walsh, Charman & Howland, 1984; Santamaria, Artal & B6scos, 1987) . For rotationally symmetrical systems coma only occurs for off-axis object points. Campbell et al. (1990) were able to identify subjects for whom coma occurred because of decentration of the pupil as well as other subjects for whom coma occurred because of asymmetry of refracting surfaces.
There is evidence that significant changes in monochromatic aberrations other than spherical aberration also occur with change in accommodation. For example, Howland and Buettner (1989) have recently reanalysed the data of Van Den Brink (1962) , who had made subjective measurements of focus with a telescopic apparatus through various parts of the pupil for one subject, and found that a large reduction in coma-like aberration occurred from 0 to 1 D accommodation. More recently, Lu, Munger and Campbell (1993) Campbell et al.'s (1990) refinement of Ivanoff's vernier acuity technique to measure aberrations as a function of accommodation stimulus between 0 and 4 D. They fitted aberration terms up to the sixth power in horizontal pupil position. Most aberrations changed considerably as a function of accommodation. Two of four eyes showed the classical trend of decreasing spherical aberration (the fourth-order term) with increasing accommodation. The higher order terms (fifth and sixth) were generally opposite in sign to their primary terms (thirdand fourth-order, respectively). Most methods previously used to measure the monochromatic aberrations of the human eye are limited by one or more of the following:
(i) reliance on subjective responses; (ii) the need for time consuming measurement, as in measurement at many pupil positions in vernier alignment techniques (Ivanoff, 1956; Jenkins, 1963; Campbell et al., 1990) , which have limited measurement to only one or two meridians; (iii) averaging measurements over all meridians (Koomen et al., 1949) ; and (iv) the need for time consuming analysis, as for the Foucault knife-edge method (Berny, 1969; Berny & Slansky, 1970) ; this problem has declined in importance with improvements in electronic photography and computing.
An aberroscope technique, developed by Howland (1976, 1977) and subsequently modified by Walsh et al. (1984) and Walsh and Charman (1985) , overcomes these problems. The method employs a distant light source and an aberroscope placed close to the eye. The aberroscope consists of a nearly square grid mounted between the plane surfaces of + 5 and -5 D piano-cylindrical lenses, with the cylindrical axes mutually perpendicular and at 45 deg to the vertical (Fig. 2) . The grid is distorted slightly so that it projects squares onto the entrance pupil of the eye. A shadow of the grid is formed on a subject's retina in the interval of Sturm, where aberrations are revealed by distortions away from a square pattern. The initial version of this technique was subjective. Howland and Howland analysed sketches of grid shadows drawn by their subjects to obtain wave-aberration polynomials and optical transfer functions. Walsh et al. (1984) and Walsh and Charman (1985) made the technique objective by inserting a beam splitter between the aberroscope and the eye so that the retinal grid shadow could be photographed. This was done with a simple camera.
We report further refinements to the latter objective version of the aberroscope technique. These are the use of a fundus camera for photography, a stimulus system for accommodation, and a method for correction for grid projection at the entrance pupil of the eye. We used the technique to measure the effect of accommodation upon monochromatic aberrations. A summary of aspects of this work has been previously published (Atchison, Collins & Wildsoet, 1992) . 
METHODS

Experimental set-up
The apparatus is shown in Fig. 2 . The light source is a 0.9 mW He-Ne laser (2 = 633 nm). A -8 D lens is placed immediately in front of the laser to diverge the laser beam. The laser is 1.7 m from any auxiliary lens, which in turn is approx. 7 mm in front of the grid of the aberroscope. The aberroscope consists of a -5 D x 135 deg piano-cylinder, a grid with transparent lines and an opaque background, and a + 5 D x 45 deg piano-cylinder. The grid has 0.936 mm spacings (linecentre to line-centre), 0.108 mm line width and the lines are off-set from the vertical or horizontal by 8.1 deg. A 70% reflecting/30% transmitting beam splitter reflects light into the eye. The aberroscope is mounted onto a plate, itself mounted and easily removed from the front of a Zeiss FK 50 fundus camera. The subject is positioned in the headrest of the fundus camera. Alignment and focussing of the grid shadow is managed by an observer viewing through the camera eye-pieces. The optical path distance between the grid and the cornea is set at approx. 27 mm (corresponding to 30 mm between the grid and the entrance pupil).
To photograph the grid shadow, a subject's eye is first dilated with a mydriatic drug. An appropriate spherical trial lens is used as an auxiliary lens to correct refractive error. The refractive endpoint is recognized by having the subject reporting that the centre of the grid appears square, and can be verified by the observer through the fundus camera. The flash mechanism of the fundus camera is disabled and photographs of the grid shadow are taken by a standard camera through one of the fundus camera ports using Kodak TMX P3200 film and exposure times of 1-2 sec. The irradiance at the corneal plane is 0.21 Wm 2, for which the radiant exposures as long as 10 and 1000 sec would be approx, one-fiftieth and one-tenth of maximum permitted exposures, respectively (International Electrotechnical Commission, 1984) .
A Badal system stimulus in front of the non-tested eye is used to present accommodative stimuli (Fig. 2) . After pupil dilation is achieved and immediately before aberrations are determined, the Badal system and aberroscope are mounted in front of the subject seated at an automated refractor (Canon AutoRef R-l). The subject is instructed to focus on the letter, in a group of high contrast letters (the Badat target), which is seen overlying the centre of the aberroscope grid. The accommodative stimuli (i.e. target settings) corresponding to responses of 0, 1.5 and 3.0 D are determined. We make the assumption that the eye will reproduce these responses when the same settings of the Badal system are used in conjunction with the aberroscope and fundus camera.
be represented by the terms Kx 4, Mx2y 2 and Oy 4 terms with the ratios of K : M : O of 1 : 2 : 1.
Orthogonal Zernike co-efficients are calculated from the K-O co-efficients. From the Zernike co-efficients, the variance of the wave aberration (and the third-and fourth-order components of this variance) are calculated according to the method described by Howland and Howland (1977) in their Appendix B. The Zernike co-efficient ZIj corresponds to spherical aberration and is determined by the equation
This co-efficient can be used to determine longitudinal spherical aberration (LSA) at the edge of the pupil of semi-diameter r, from (Howland & Howland, 1977 )
Analysis of photographs
The photographic negatives are projected onto a digitizing board and the grid intersection points are transfered directly to a computer (the projection system produces negligible distortion errors). The technique also requires an estimate of the point on the pattern corresponding to the pupil centre. We mark the best estimate of each grid intersection point on the digitizing board, and then place the digitizing scanner at the mark. For each aberroscope photograph 2-4 sets of readings are usually taken. We analyse the largest possible grid pattern (i.e. the maximum number of intersections). This is limited by pupil size, the quality of the media of the eye, and the level of aberrations.
Relations between distortions of the aberroscope grid shadows and wave aberrations have been previously reported (Howland & Howland, 1976 , 1977 . Using grid intersection point data, the wavelength of the light source and the projected grid spacing onto the entrance pupil, wave aberration co-efficients, Zernike coefficients, longitudinal spherical aberration, variance of the wave aberration, and Mar6chal criterion limits are determined using mathematical procedures developed by Howland and Howland. The wavefront aberration W(x, y) can be described as 
where (x, y) are co-ordinates in the pupil (ram) with origin at the pupil centre, and W is measured in microns. Positive x is towards the subject's right and positive y is upwards. The terms with co-efficients A-F represent shift of the wavefront along the axis (A), residual prism (B, C) and sphero-cylindrical components (D, E, F) of the prescription, i.e. they can be corrected with conventional ophthalmic lenses. The terms with co-efficients G-J are "third-order" aberrations and the terms with co-efficients K-N are "fourth-order" aberrations. If primary spherical aberration alone was present, it would
Estimations of longitudinal spherical aberration can be made by at least two alternative techniques. In one of these techniques, the mean wavefront error around the edge of the pupil, Wave, is determined and converted to longitudinal spherical aberration by the approximation (Charman et al., 1978) 
The second technique shares similarities with Koomen et al.'s (1949) experimental annulus method. The wavefront error at different positions around the edge of the pupil is converted into radii of curvature which vary with meridian at each position (Charman & Walsh, 1989) . The inverse of the mean of the local circumferential radii around the pupil is an estimate of longitudinal spherical aberration. Similar results are obtained by all three methods of estimating the longitudinal spherical aberration from the wave aberration data.
The variance of the wave aberration is minimised by choosing the most appropriate sphero-cylinder as the reference wavefront. It is mathematically defined as v={ff [W(x, (5) where Wm is the mean wave aberration, and the integration takes place over the whole pupil. Alternate terms for "variance of the wave aberration" (Welford, 1986) are "mean-squared wave-front deviation" (Howland & Howland, 1977) and the "mean square optical path difference of the wavefront" (Smith, 1990) .
Mar6chal criterion limits are pupil sizes for which the square root of the variance is one-fourteenth the source wavelength (Born & Wolf, 1975) .
In the aberroscope setups used in previous studies (Howland & Howland, 1976 , 1977 Walsh et al., 1984; , the top of the grid was seen on the right side by the subject (and vice versa for the bottom of the grid). However, due to reflection at the beamsplitter in our system, the top of the grid is now seen on the left. To compensate for this, each negative is initially projected as the subject sees the grid, and then is turned around (equivalent to reflection about the vertical axis). Howland and Howland (1977) reversed right eye co-efficients of odd power terms in x (B, E, G,/, L, N) in combining right and left eyes for statistical purposes (as nasal sides of eyes should be compared with each other). We used only righ~L eyes and did not reverse these co-efficients.
Projection of the grid at the entrance pupil of the eye
The grid must be "predistorted" to project as a square at the entrance pupil. Predistortion and grid spacing to achieve a particular spacing at the entrance pupil are determined below. Gaussian optics are used here; these are appropriate because of the small angles involved. The point object is taken to be a distance I/L away from the auxiliary lens, the attxiliary lens has power R, the distance from auxiliary lens to grid is b, crossed-cylinder powers are +XP x 45 deg and -XP x 135 deg, and the distance from grid to entrance pupil is d. We assume all lenses are thin. Now suppose a point in the grid is a height h135 from the optical axis along the 135 deg meridian (Fig. 3) . The angle u (negative in the figure) subtended by the optical axis and the ray which pa,;ses from the image of the point object, in the auxiliary lens, is U == h135"F.
The ray after refraction at the grid has an angle u' where U' = h135"XP + u =/h35(XP + F).
The height of the ray h' at the entrance pupil of the eye is Similarly a point in the grid at height h45 from the optical axis along the 45 deg meridian would have a corresponding height h ~5 at the entrance pupil of
To ensure that the grid is projected with square sides onto the entrance pupil (i.e. h ~s = h 'm), h45 and hm can be determined using equations (6) and (7) from a given h ~5 (or h 'm) (Fig. 4) . The tangent of the angle * in Fig. 4 is then given by The "predistortion" of the grid lines from the horizontal and vertical is thus
If the points in the grid represented by h45 and ht35 are adjacent intersection points, it can be shown that their separation GS is
where h' = h ;5 = h ~35-As h' = EP/x/2 where EP is the spacing in the entrance pupil plane, the grid spacing is also given by
Values of O and the ratio GS/EP are given for a range of F for XP = 5 D and d = 0.030 m in Table 1 . The ratio GS/EP was experimentally verified. In practice, it is more likely that a single grid will be used for a range of refractive errors. This will mean that there will be small errors associated with O, but equation (10) can be rearranged to calculate EP. We used F =-2 D to derive the 8.1 deg angle of pre-distortion used in our measurements. Failure to allow for differences between the grid spacing GS and its projection at the entrance pupil EP will produce errors in the calculation of aberration co-efficients. If you incorrectly use a spacing at the entrance pupil of GS when it is really EP and determine transverse aberration T, then you would predict a spacing EP to give transverse aberration of (EP/GS)2T if considering third-order aberrations and (EP/GS)3T if considering fourth-order aberrations (note that transverse aberrations are one less order of dependence upon pupil size than are wave aberrations). If you were correctly using EP, you would actually determine transverse aberration (EP/GS)T. As the wave aberration co-efficients are determined from the transverse aberrations, the failure to account for correct projection gives error factors of (EP/GS) and (EP/GS) 2 for third-and fourth-order co-efticients, respectively. For F =-8 D these errors will be +22% and +50%. For F = +8 D the errors will be -29% and -50%.
Selection of entrance pupil centre
There is no unanimous agreement as to what constitutes the "effective" pupil centre for calculating aberrations. The most obvious choice is the geometrical centre, but if the centration of the Stiles-Crawford effect (Stiles & Crawford, 1933) and the shape of the aberrated image on the retina are taken into account, the geometrical centre of the pupil may not be the "effective" pupil centre. Campbell et al. (1990) defined the latter as the pupil location for which a vernier target illuminated in Maxwellian view appears aligned with the target illuminated in normal view. For considering chromatic aberration, the pupil position on the "achromatic" axis is a useful reference where the achromatic axis is defined as the line containing the target, nodal point and the fovea. Thibos, Bradley, Still, Zhang and Howarth (1990) referred to it as the "visual" axis. Here the pupil centre position on the achromatic axis is that position for which there is no chromatic parallax of a split vernier object of two different wavelengths (Ivanoff, 1956; Campbell et al., 1990; Thibos et al., 1990) . Using natural pupils, Simonet and Campbell (1990) found differences between the geometric and achromatic pupil centres of -0.08 to +0.51 mm for eight eyes of five subjects, while Thibos et al. (1990) obtained differences of <0.4 mm for the right eyes of each of five subjects.
The geometrical centre may move under different illumination conditions or under the influence of drugs affecting pupil size. The "effective" pupil centre will likewise be affected, partly because of the effect of illumination on the Stiles-Crawford effect. Walsh (1988) found that the changes in pupil centration occurring as the pupil dilates, both naturally in darkness and in response to a mydriatic drug, can be up to 0.4 mm. Wilson, Campbell and Simonet (1991) significant shifts of geometrical pupil centre with changes in diameter; these were u,;ually temporal with increase in pupil size. For three-quarters of their subjects, shifts increased monotonicly with pupil size. Accommodation may affect all three pupil centres. The only pupil centre of the three described above that can be used in our aberroscope technique is the geometrical pupil centre. We estimate the number of grid shadow elements both vertically and horizontally and then estimate the ]position corresponding to the "median" of these. For example, if there are estimated to be 5.6 grid shadow elements vertically and 6.4 grid shadow elements horizontally, the grid shadow "centre" is taken as being 2.8 and 3.2 elements from the horizontal and vertical edges of the grid shadow, respectively. The ability to find this centre on the shadow grid depends upon the quality and density of the photograph and the skill of an observer. We believe that our ability to do this is within + 0.2 elements (i.e. about + 0.2 mm). Because of aberration distortions of the grid, this centre is not necessarily at the geometric centre of the grid shadow image.
Because our photographic technique requires high illumination, which would normally produce miosis and thus allow analysis of only small pupils, we use drugs to dilate the pupil. This means that the grid shadow "centre" may not be appropriate for natural pupils, although we do not believe this has a major effect on our results (see Errors associ[ated with localization of pupil centre).
Calibration and error analysis
Aberrations of the fundus camera. To assess the inherent aberrations of the fundus camera optics, photographs of graph paper were taken using the fundus camera without the aberroscope in place. This was done for two positions of the grid, corresponding to two focus settings of the fundus camera, + 1.5 and +4.0 D. We analysed the pattern at ~:hree regions along the vertical axis of symmetry: (i) the centre of the photograph; (ii) half way between the centre and the top; and (iii) near the top. The pupil centre was assumed to be the intersection point at the centre of the region of interest. Both 5 × 5 and 7 x 7 grids were used. The "pupil" spacing of the grid was determined as the ratio of sizes of grid shadow elements in the centre of photograph to that obtained with a model eye.
Two sets of grid intersection measurements were made for each focus setting and averaged. The measurements were used to determine Taylor and Zernike co-efficients, the variance of the wave aberration for a 5 mm pupil, and the Marrchal criterion limits.
Variances of the wave aberration and Marrchal criterion limits associated with the fundus camera are given in Table 2 . The fundus camera has only a small amount of distortion. The analysis shows no change in aberrations away from the centre of the photograph, with Marrchal limits of 11.3-13.0 and 8.3-11.5 mm for 7 × 7 and 5 x 5 grids, respectively. The 7 x 7 grids show better performance, possibly because there are more points over which measurement inaccuracies are distributed. Importantly, the Marrchal limits are well beyond those obtained for real eyes, indicating that the level of aberrations produced by the fundus camera and measurement technique contribute negligibly to the aberrations measured for real eyes. There are only small differences in aberration levels between the two focussing conditions (+1.5 and +4.0D) of the fundus camera.
Model eye. In this control experiment a + 5 D lens and "retinal" screen were used as a model eye. The distance between the + 5 D lens and the screen was set so that auxiliary lenses were not needed. The shape of the lens was piano-convex with the piano surface facing the "retina" and the stop against the piano surface such that the distance between the aberroscope and the entrance pupil was 30 mm. Six sets of measurements were made and results were analysed for both 7 x 7 and 5 x 5 grids. We determined the variance of the wave aberration for 5 mm pupils, the third-and fourth-order components of this, and the Marrchal criterion limit. (These data presented in Table 3 are averaged across the six measurement sets.) The variance of the wave aberration for the model eye is generally at least an order of magnitude higher than that obtained for the fundus camera alone. Again, the 7 x 7 grids show better performance. The -I-5 D lens should have very little aberration with a (5 x 5) and 8.1 mm (7 × 7), which are much lower than expected, but beyond those obtained for real eyes (Walsh et al., 1984 ; see subsequent results).
Possible reasons for the poorer than expected limits include the small error in projection angle of the grid to the reference pupil, interference (diffraction) effects with the laser beam which make determination of intersection points difficult, and small errors in alignment of the two crossed cylinders. Repeated measurements. To investigate our technique repeatability, the pupil of the right eye of subject CC was dilated with 1 drop of 2.5% phenylephrine. The subject was positioned in the apparatus and photographs taken at accommodation response levels of 0, 1.5 and 3 D, after which the subject was removed from the apparatus. This procedure was repeated for another two runs. For each photograph, three sets of measurements of 5 x 5 grids were taken. These were used to determine the pupil size corresponding to the Mar6chal criterion and variances of the wavefront and longitudinal spherical aberrations for a 5 mm pupil. Mean values were derived from the three sets.
Results for the 1.5 D accommodation response level are shown in Table 4 . The differences between runs in variances of the wave aberration, the Mar6chal criterion limits and longitudinal spherical aberration are relatively small. Errors associated with localization of pupil centre. We have estimated our ability ~:o determine the point on the grid corresponding to the geometric pupil centre as about _+0.2 mm. We assessed the effects of errors in localizing the geometric pupil centre on estimates of aberrations by moving the reference centre on the photographs of subjects in both x and y directions by this amount. Resulting third-order, fourth-order and total variances of the wave aberration and the Mar+chal limits are presented for two subjects in Table 5 . Subject AG has low aberration and subject ML has moderate aberration. It can be seen that these shifts do not affect the fourth-order aberration components and the changes for third-order components and the Mar6chal limits are small.
Study of effect of accommodation upon aberration
Fifteen subjects, free of ocular and systemic disease and aged between 17 and 30 yr participated in the experiment. Right eyes only were tested. The subjects' refractive errors were between + 1.00 and -2.00 D, with 11 of the eyes being in the range +0.50 to -0.50 D. One drop of phenylephrine (2.5%) was used to dilate the pupil of the right eye. Photographs were taken with the apparatus at accommodation response levels of 0, 1.5 and 3 D.
For each photograph, the Taylor co-efficients, Zernike co-efficients, and variance of the wave aberration with its third-and fourth-order components were determined for a 5 mm pupil. This size was used because we could only obtain 5 × 5 or 6 × 6 grids, which for our grid spacing size (0.935 mm) means that aberration fits are not valid for larger pupils.
RESULTS AND DISCUSSION Figure 5 shows the variance of the wave aberration and the third-and fourth-order components of this variance, averaged across all subjects, as a function of accommodation. The most striking feature of the results is that the third-order (i.e. coma-like) aberrations dominate at all accommodation levels, with the ratio of the third-and fourth-order components of the variance of the wave aberration being approx. 4:1. The fourth-order component increases 4 times as quickly with increase in pupil size as does the third-order component. If the results could be extrapolated to 8 mm pupils, the ratio of third-and fourth-order components would be 2:3.
There is no clear trend of variance of the wave aberration with change in accommodation. Two subjects have increased variance of the wave aberration as accommodation increases, three have decreased aberration as accommodation increases, eight show maximum aberration at the intermediate 1.5 D level and two show minimum aberration at the intermediate 1.5 D level. The mean levels are similar to those reported by Walsh et al. (1985) for zero accommodation.
The photographed aberroscope shadow grids of subject CC as a function of accommodation level are presented in Fig. 6 . This subject's shadow grids show changes which are typical of increasing negative spherical aberration as a function of accommodation level. Longitudinal spherical aberration for a 5 mm diameter pupil are +0.04D (0D accommodation response), -0.46 D (1.5 D) and -0.66 D (3.0 D). For comparison, a computer reconstruction of the grid for the 3.0D accommodation level is illustrated, using only the Taylor co-efficients A-F corresponding to correctable terms and the Taylor co-efficients K, M, O from which the Zernike co-efficient Ztl for spherical aberration is determined [equation (2)]. The similarity between the reconstruction and the subject's shadow grid at 3 D accommodative response clearly demonstrates the considerable contribution of spherical aberration to the overall aberration for this particular subject at 3 D accommodation.
Longitudinal spherical aberration of subjects is shown in Fig. 7 . Eleven out of 15 subjects have positive spherical aberration at 0 D accommodation. Eight subjects out of 15 demonstrate the "classical" trend to less positive or more negative spherical aberration as accommodation increases [ Fig. 7(a) Fig. 7(c) ]. The mean level at 0 D accommodation is similar to that obtained in previous studies which have used a wave aberration analysis . The dependence of longitudinal spherical aberration on accommodation level is statistically significant (repeated-measures analysis of variance, F=9.77, d.f. 2, 28, P <0.001). Post hoc testing revealed that two of the three possible comparisons are significantly different at the 5% level: the 0 D level with the 3 D level, and the 1.5 D level with the 3 D level (Fisher protected least squares differences).
Changes in longitudinal spherical aberration with accommodation are compared with the results of two earlier studies (Koomen et al., 1949; Jenkins, 1963) in Fig. 8 . It can be seen that the changes in longitudinal spherical aberration with accommodation are generally smaller in the present study than in the previous studies. This is Jn line with the earlier observation that spherical aberration found in studies where the measured aberration is considered to represent only spherical aberration is generally larger than when spherical aberration is separately analysed. However, this is not meant to imply that if the earlier studies had been able to better fit their data with more aberration terms their spherical aberration magnitudes would decline; as we found, reanalysing our data in line with the annulus method of Koomen et al. (1949) did not change our estimate of spherical aberration (see section Analysis of photographs).
CONCLUSIONS
We have further developed the Howland aberroscope technique for measuring monochromatic aberrations. Refinements include the use of a fundus camera for photography, a stimulus system for accommodation control, and a method of correcting for grid projection onto the pupil of the eye.
Across a wide range of pupil sizes and accommodation levels, third-order (coma and coma-like) aberrations would seem to be the dominant aberrations for most people. This confirms the findings of Howland and Howland (1976 , 1977 ), Walsh et al. (1984 and Walsh and Charman (1985) . Variations in aberrations are considerable between people. About half our subjects show the classical trend towards negative spherical aberration with increase in accommodation. The changes in spherical aberration with accommodation in this study were less than that found in previous studies where measured aberration was considered to represent only spherical aberration.
